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® A homeotropic liquid crystal display device with 
an optical compensator for widening the field of 
view. The liquid crystal display device includes: a 
nematic liquid crystal cell (10) in which molecules (8) 
are oriented substantially vertical to substrates in the 
absence of electric field, to exhibit a positive optical 
activity with an optical axis vertical to the substrates: 
a first retardation plate (2) on one side of the liquid 
crystal cell for providing a phase difference of. X/4, 
having a positive optical activity with an optical axis 
aligned in one in-plane direction parallel with the 
substrates; a first polarizer (1) outside of the first 
retardation plate, having a polarizing axis in an in- 
plane direction inclined by about 45 degrees relative 
to the optica] axis of the first retardation plate; a 
second retardation plate (6) on the other side of the 
liquid crystal cell for providing a phase difference of 
X/4, having a negative optica] activity with an optical 
axis parallel with the optical axis of the first retarda- 
tion plate; and a second polarizer (2) outside of the 
second retardation plate having a polarizing axis in 
an in-plane direction perpendicular to the polarizing 
axis of the first polarizer. 
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BACKGROUND OF THE INVENTION 

a) Held of the Invention 

The present invention relates to a liquid crystal 
device, and mora particularly to en optical com- 
pensator for widening a field of view of a hor- 
meotropic (vertical orientation type) liquid crystal 
display device having liquid crystal molecules ori- 
ented in the direction vertical to the substrates. 

b) Description of the Related Art 

There is known a homeotropic liquid crystal 
display device which includes liquid crystal mol- 
ecules oriented substantia^ In the direction verti- 
cal to the substrates, and crossed polarizers sand- 
wiching the homeotropic liquid crystal cell. 

During an off-state while no voltage is applied 
to the liquid crystal cell, light passed through one 
polarizer is not affected by the liquid crystal cell, 
reaches the other polarizer, and is intercepted by 
it 

Light incident to the substrate in the vertical 
direction poses no problem. However, as the in- 
cident angle of light departs from the vertical direc- 
tion, the polarization of the incident light is affected 
by liquid crystal birefringence so that some In- 
cident light may transmit through the other polar- 
izer, which should otherwise intercept the incident 
light The contrast between the on- and off-states 
therefore lowers, and what is worse the white and 
black are reversed in some cases. 

Therefore, in the case of a homeotropic liquid 
crystal display device having liquid crystal mol- 
ecules oriented substantially in the direction verti- 
cal to the substrates, the field of view is consider- 
ably limited. Use of optical compensation plates 
has been proposed in order to enlarge the field of 
view; 

Rg.3 shows an example of optical compensa- 
tion applied to a vertical orientation type liquid 
crystal display device. 

In Rg.3. under a polarizer 11 on the incoming 
light side, there is disposed a liquid crystal cell 12 
constructed of a substrate 13, a liquid crystal layer 
14, and another substrate 15. Under this liquid 
crystal cell 12, there are disposed an optical com* 
pensation plate 16 and another polarizer 17 on the 
outgoing light side in this order. The two polarizers 
11 and 17 constitute crossed linear polarizers 
mounted perpendicularly to each other. 

Each liquid crystal molecule 18 has a large 
refractive index n,^ along the major or principal 
axis, and a uniform low refractive Index rtouc in 
dir ction in a plane perpendicular to th major axis. 
The refractive index n^c is larger than th refrac- 
tive Index rictc, i.e., n tLC > note (positive optical 



activity). The optical compensation plate 16 is 
made of uniaxial optical m dium having an optical 
axis vertical to the substrates, the refractive Index 
n«conip in the optical axis direction being smaller 

5 than the refractive index n oeofnp in the in-plane 
direction (negatice optical activity). 

The liquid crystal layer 14 has a positive op- 
tical activity, whereas the optical compensation 
plate 16 has a negative optical activity. These 

to positive and negative optical activities compensate 
each other to widen the field of view of the liquid 
crystal display device. 

Rg.4 shows another example of an optical 
compensation mechanism. 

rs A liquid crystal cell 12 is formed of a liquid 
crystal layer 14 sandwiched by substrates 13 and 
15. Optical compensation plates 22 and 26 are 
disposed on the outer sides of the substrates 13 
and 15. On the outermost sides of the device, there 

20 are disposed crossed polarizers 21 and 27. Similar 
to the liquid crystal cell shown in Flg.3, the liquid 
crystal molecules 18 of the liquid crystal cell 12 are 
oriented substantially in the direction vertical to the 
substrates 13 and 15 during the state while no 

25 voltage is applied thereto, providing a positive op- 
tical activity. 

The optical compensation plate 22 has biaxial 
optical anlsotropy, and its refractive indices have a 
relationship n1 > n2 > n3. The axis having the 

30 smallest refractive index n3 (z-axis) is aligned in 
the direction of thickness of the optical compensa- 
tion plate 22. The axes having the largest and next 
largest refractive indices n1 (y-axis) and n2 (x- 
axis) are aligned in the in-plane direction of the 

35 optical compensation plate 22. 

Similar to the optical compensation plate 22, 
the other optical compensation plate 26 is made of 
biaxial optical medium having refractive Indices of 
n1 > n2 > n3. The axis having the smallest refrac- 

40 tive index n3 is aligned in the direction of thickness 
of the optical compensation plate 26. The direction 
of the optical axis for the second largest refractive 
index n2 of the optical compensation plate 26 is 
aligned in the y-axis direction for the largest refrao 

45 tive index n1 of the optical compensation plate 22. 
The direction of the optical axis for the largest 
refractive index nl of the optical compensation 
plate 26 is therefore aligned in the optical axis 
direction for the second largest refractive index n2 

so of the optica] compensation plate 2Z 

In a combination of the optical compensation 
plates 22 and 26, the refractive indices in the x-axis 
direction are n1 and n2, and the r tractive indices 
in the y-axis direction are n2 and nl. Accordingly. 

« the optical characteristic in the in-plane direction is 
g nerally homogeneous. The refractive index in the 
z-axis direction is the smallest refractive index n3. 
The combination of the optical compensation plates 
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22 and 26 thus provid s a negative optical activity 
as a whole. 

The polarizing axes P1 and P2 of the crossed 
polarizers 21 and 27 disposed on the outer sides of 
the optical compensation plates 22 and 26, are 
aligned in the directions inclined by 45 degrees 
relative to the x- and y-axes. 

The thickness of each of the optical compensa- 
tion plates 22 and 28 is preferably set to such 
value which causes the polarized components in 
the x- and y-axis directions to have a phase dif- 
ference (retardation) of a quarter wavelength x/4. 

A combination of a linear polarizer and a X/4 
wavelength plate forms a circular polarizer. By us- 
ing the optical compensation plates 22 and 26 
having interchanged refractive indices in the in- 
plane x and y directions and a thickness of X/4, one 
combination of the optical compensation plate and 
a linear polarizer provides dextrorotation, and the 
other combination provides levorotation. 

Flg-5 shows another example of an optical 
compensation mechanism for widening the field of 
view. A liquid crystal cell 12 is formed by a liquid 
crystal layer 14 sandwiched by substrates 13 and 
15. Optical compensation plates 32 and 36 are 
disposed on the outer sides of the substrates 13 
and 15. On the outermost sides of the device, there 
are disposed crossed polarizers 31 and 37. This 
arrangement is the same as that shown in Flg.4. 

In this example, a retardation plate 32 inter- 
posed between the liquid crystal cell 12 and polar- 
izer 21 Is made of uniaxial optical material having 
an optical axis aligned in the in-plane (x-axls) direc- 
tion. 

Another retardation plate 36 interposed be- 
tween the liquid crystal cell 12 and polarizer 27 is 
made of uniaxial optical medium having an optical 
axis aligned in another perpendicular in-plane (y- 
axis) direction, in-plane arrows of the retardation 
plates 32 and 36 shown in Fig.5 indicate the draw- 
ing or pulling direction of the plates during the 
manufacturing process. 

The combination of the retardation plates 32 
and 36 corresponds to opticaJ medium providing a 
negative optical activity. By setting the thicknesses 
of the retardation plates 32 and 36 to such values 
providing a phase difference (retardation) of a quar- 
ter wavelength X/4, the combination of the polarizer 
21 and retardation plate 32 constitutes a dextrorot- 
ary circular polariser, and the combination of the 
polarizer 27 and retardation plate 36 constitutes a 
I v rotary circular polarizer. 

The structure shown in Flg.4 necessitates a 
use of biaxial opticaJ material, complicating the 
manufacturing process. In contrast with this, the 
structure shown in Fig.5 uses uniaxial optical ma- 
terial, simplifying the manufacturing process. 



The above-described three structures ar com- 
pared with each other in connection with their fields 
of view at a display area having a contrast 5 : 1 or 
more. The structure shown in flg.3 provides the 

5 field of view about 50 degrees, that shown In Flg.4 
provides the field of view about 30 degrees, and 
that shown In Flg.5 provides the field of view about 
25 degrees. The transmission factors of vertically 
incident light during the on-state are about 1.5% for 

ib the structure shown in Fig. 3. about 2.5% for the 
structure shown in Rg.4, and about 2.5% for the 
structure shown in Fig.5. 

Namely, In the case of the structure shown in 
Fig.3 wherein a liquid crystal eel! is compensated 

rs by a single optical compensation plate having a 
negative optical activity, although the field of view 
becomes wide, only a low transmission factor can 
be obtained. 

In the case of the structures shown in Figs.4 

ao and 5 wherein a liquid crystal cell is sandwiched by 
circular polarizers each constructed of a linear po- 
larizer and an optical compensation plate or re- 
tardation plate, although the transmission factor can 
be increased by about 50%, the field of view is 

25 narrow. 

Of the structures shown in Rgs.3 to 5, the 
structure shown in Flg.5 provides the easiest man- 
ufacturing process. However, this structure makes 
the field of view narrowest 

so As described above, conventional techniques 
are difficult to provide an optical compensation 
means for compensating the optical characteristics 
of a vertical orientation type liquid crystal display 
device and providing a wide field of view and a 

as high transmission factor. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to pro- 
40 vide a homeotropic liquid crystal device having an 
optical compensation means capable of improving 
the optical characteristics of the device. 

It is another object of the present invention to 
provide an optical compensation device for a 
4$ homeotropic liquid crystal display device having 
circular polarizers made of optical material easy to 
process during manufacturing, capable of improv- 
ing a transmission factor without narrowing the field 
of view. 

so According to one aspect of the present inven- 
tion, there Is provided a homeotropic liquid crystal 
display device including: a liquid crystal cell having 
nematic liquid crystal whose molecules being ori- 
ented substantially in the direction vertical to sub- 

55 strates under a state whil no electric field is ap- 
plied, the liquid crystal having a positive optical 
activity with an opticaJ axis being aligned In the 
direction vertical to the substrates; a first retarda- 
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tion plate mounted on one side of the liquid crystal 
cell for providing a phase difference of substantially 
a quarter wavelength (x/4). the first retardation plate 
having a positive optical activity with an optical axis 
being aligned in one In-plane direction parallel with 
the substrates; a first polarizer mounted on the 
outer side of the first retardation plate and having a 
polarizing axis in an in-plane direction parallel with 
the substrates, the in-plane direction being inclined 
by about 45 degrees relative to the optical axis of 
the first retardation plate; a second retardation plate 
mounted on the other side of the liquid crystal cell 
for providing a phase difference of substantially a 
quarter wavelength (X/4), the first retardation plate 
having a negative optical activity with an optical 
axis being aligned in an in-plane direction parallel 
with the substrates, the in-plane direction being 
substantially parallel with the optical axis of the first 
retardation plate; and a second polarizer mounted 
on the outer side of the second retardation plate 
and having a polarizing axis in an in-plane direction 
parallel with the substrates, the in-plane direction 
being substantially perpendicular to the polarizing 
axis of the first polarizer. 

According to another aspect of the present 
invention, there is provided an optical compensa- 
tion device for a liquid crystal display device, in- 
cluding: a central structure having a pair of sub- 
strates and optical compensation means, the pair 
of substrates defining a space for containing a 
liquid crystal, and the optical compensation means 
having a negative optical anisotropy with an optica/ 
axis being aligned in a direction vertical to the 
substrates; and phase shift means having a pair of 
uniaxial optical medium plates disposed on the 
outer sides of the central structure, one of the pair 
of plates having a positive optical activity with an 
optical axis being aligned in one in-plane direction, 
and the other of the pair of plates having a nega- 
tive optical activity with an optical axis boing 
aligned in an in-plane direction parallel with the one 
in-plane direction. 

A first circular polarizer is formed by the first 
retardation plate with its optical axis being aligned 
in one in-plane direction and the first polarizer. A 
second circular polarizer is formed by the second 
retardation plate with its optica] axis being aligned 
in an in-plane direction parallel with the optical axis 
of the first retardation plate. With this arrangement, 
the total transmission factor of the liquid crystal 
panel can be improved. 

The first retardation plate is made of material 
having a posrtiv optical activity, and the second 
retardation plate is made of material having a nega- 
tive optical activity. 

Use of these circular polarizers and the optical 
compensation means ensures a wide field of view. 



It is therefore possible to provide a liquid cry- 
stal display device which is simple in manufactur- 
ing, and has a wide field of view and a high 
transmission factor. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.1 is a schematic diagram showing the 
structure of a liquid crystal display device with 
iq optical compensation according to an embodiment 
of the present invention. 

Figs. 2A to 2C are diagrams explaining the 
operation of the liquid crystal display device shown 
in Fig. 1. 

t5 Fig.3 is a schematic diagram showing an ex- 
ample of a conventional liquid crystal display de- 
vice with optical compensation, 

Fig.4 is a schematic diagram showing another 
example of a conventional liquid crystal display 
20 device with optical compensation. 

Fig.5 is a schematic diagram showing another 
example of a conventional liquid crystal display 
device with optical compensation. 

Figs.6 and 7 are graphs showing simulated 
» results of the optical characteristics of a liquid 
crystal display device according to the present 
invention. 

Figs.8 and 9 are graphs showing simulated 
results of the optical characteristics of a liquid 
ao crystal display device according to a prior art 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

55 Rg.i shows the structure of an embodiment of 
a liquid crystal display device according to the 
present Invention. A homeotropic liquid crystal cell 
10 contains a nematic liquid crystal layer 4 be- 
tween a pair of substrates 3 and 5 such as glass 

40 plates. Molecules 8 of the nematic liquid crystal 
have a high refractive index in the direction of its 
major or principal axis. The liquid crystal molecules 
8 are oriented substantially in the direction vertical 
to the substrates 3 and 5 under the condition that 

45 no electric field is applied. 

In this condition, the liquid crystal layer 4 pro- 
vides a high refractive index n*c in the direction 
vertical to the substrates 3 and 5, and a uniform 
low refractive index in the in-plane direction. 

so In other words, the liquid crystal layer 4 provides a 
positive optical activity. 

An optical compensation plate 9 is mounted on 
ne side of the liquid crystal cell 10. This optical 
compensation plate 9 has a uniaxial and negative 

as optical anisotropy and a smaller refractive index In 
the z-axis direction perpendicular to the plan of 
this optical compensation plate 9. The negative 
optical anisotropy of the optical compensation .plate 
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9 compensates the positive optical anisotropy of 
the liquid crystal layer 4. The optical compensation 
plate 9 may be made of ionomer available from 
Mitsui Du Pont Polychemicai Corp. under the mer- 
chandise name "HI-MILAN", or polycarbonate. 

On the outer sides of the liquid crystal cell 10 
and optical compensation plate 9, there are dis- 
posed retardation plates 2 and 6. The retardation 
plate 2 is made of polycarbonate for example, and 
has a uniaxial optical anisotropy having a higher 
refractive index ne in one in-plane direction (x-axis 
direction) than in other directions. The retardation 
plate 6 is made of polystyrene for example, and 
has a uniaxial optical anisotropy having a lower 
refractive index no in the same in-plane direction 
(x-axis direction) than in other directions. 

Therefore, the retardation plate 2 provides a 
positive optical activity with its optical axis being 
aligned in the x-axis direction, whereas the retarda- 
tion plate 6 provides a negative optical activity with 
its optical axis being aligned in the same x-axis 
direction. The total effect of retardation by both the 
retardation plates 2 and 6 is canceled out A pair of 
crossed polarizers 1 and 7 is provided on the outer 
sides of the retardation plates 2 and 6. The polaris- 
ing axes P1 and P2 of the polarizers 1 and 7 are 
aligned in the directions inclined by 45 degrees 
relative to the x- and y-axes. 

For a pair of circular polarizers according to a 
prior art. retardation plates: of the same optica) 
characteristics are mounted in a crossed configura- 
tion. According to the present invention, retardation 
plates having the opposite optical characteristics 
are mounted with the optical axes of their uniaxial 
optical media being aligned in the same direction. 

The thicknesses of the retardation plates 2 and 
6 are preferably selected to such values providing 
a phase difference of a quarter wavelength X/4. . 
With the phase difference of the quarter 
wavelength x/4, the linear polarizer 1 and retarda- 
tion plate 2 constitute a dextrorotary circular polar- 
izer and the linear polarizer 7 and retardation plate 
6 constitute a levorotary circular polarizer. 

Figs.2A to 2C are schematic diagrams explain- 
ing the operation of the liquid crystal display de- 
vice shown in Fig.1. Light incident to the polarizer 1 
from the external is converted into linearly po- 
larized light. The polarizing axis P1 of the polarizer 
1 has an angle of 45 degrees relative to the x- and 
y-axes. The polarized light components In the x- 
and y-axis directions have the same phase and 
intensity as shown in Rg.2A. 

As the thickness of the retardation plate having 
a larger refractive index in the x-axis direction is 
set to a value providing a phase difference of X/4, 
the polarized light component in the x-axis direc- 
tion having passed the retardation plate lags by a 
X/4 from th polarized light component In the y-axls 



direction. 

As the polarized light component in th x-axis 
direction lags in phase by a X/4 from the polarized 
light component in the y-axis direction as shown in 

5 Rg.2B on the right side, the combined polarized 
light becomes circularly polarized light rotating In 
the clockwise direction in the inpiane of the re- 
tardation plate as shown In Rg.2B on the left side. 
For the retardation plate having a lower rsfrac- 

10 five Index In the x-axis direction, the polarized light 
component in the x-axis direction advances In 
phase by a X/4 from the polarized light component 
in the y-axis. as opposed to the case of Fig«2B. 
These polarized light components Ex and Ey are 

is shown in FigJ2C on the right side. The combined 
polarized light rotates In the counter-clockwise in 
the in-plane of the retardation plate as shown in 
Rg.2C on the left side. 

The retardation plate 2 having the positive op- 

20 tical activity is made of, e.g.. a polycarbonate film 
pulled or drawn in one direction in plane of the 
sheet The thickness of the polycarbonate film is 
set to a value providing a phase difference of X/4, 
for example a thickness of about 2.5 urn. 

25 The retardation plate 6 having the negative 
optical activity is made of. e.g^ a polyrnethyl 
methacrylate (PMMA) film drawn in one direction. 
The thickness of the retardation plate 6 is also set 
to a value providing a phase difference of X/4 far 

ao example a thickness of about 2.5 urn. The disper- 
sion of a refractive index of these films Is 5% or 
less over the visible light range from 440 nm to 
700 nm. 

A parasitic transmission factor T given by the 

35 dispersion of a transmission factor Is expressed by 
T < ^0.0125 ▼) or T < 0.2% which hardly 
affects the operation of display devices of this kind. 

With the structure of the liquid crystal display 
device described above, it is possible to wide the 

40 field of view to about 50 degrees (contrast =5:1) 
and raise the transmission factor by about 2.5% 
during an on-state, as shown in Rgs.6 and 7. 

The graphs shown In Rgs.B and 7 show the 
simulated results of the transmission factor relative 

45 to a radial viBw angle for light having a wavelength 
of 0.55 urn. For a liquid crystal display device used 
for this simulation, the retardation plate 2 of the 
positive optical activity was sat to n. = 1 .555, n 0 = 
1.5, and a film thickness d = 2.5 um, the liquid 

so crystal cell 10 having the positive optical activity 
was set to And=[(n #LC - no LC ) ■ thickness] = 1 um, 
the optical compensation plate 9 was set to And=- 
[(n*Lc - n^) • thickness] = - 0.8 um, and the 
retardation plate 6 having the negative optical activ- 

55 ity was set to n. = 1.5, rig = 1.555, and a film 
thickness d a 2.5 um. For the comparison sake, 
the simulated results for another liquid crystal dis- 
play device are shown In Rgs.8 and 9, this device 
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having retardation plates 2 and 6 whose optical 
axes are set perpendicular to each other, with the 
settings of n. 1.555, n« - 1.5, and a film 
thickness = 2.5 urn. 

The present invention has been described in s 
connection with the preferred embodiments. Tlie 
present Invention is not intended to be limited only 
to the above-described embodiments, but it Is ob- 
vious that various changes, improvements, com- 
binations and the like are possible for those skilled w 
in the art. 

Claims 

1. A homeotropfc liquid crystal display device ts 
comprising; 

a liquid crystal cell having a pair of sub- 
strates and nematic liquid crystal sand witched 
therebetween whose molecules being oriented 
substantially in the direction vertical to sub" 20 
strates under a state while no electric field is 
applied, said liquid crystal having a positive 
optical activity with an optical axis being 
aligned in the direction vertical to the sub- 
strates; 25 

a first retardation plate mounted on one 
side of said liquid crystal cell for providing a 
phase difference of substantially a quarter 
wavelength (X/4), said first retardation plate 
having a positive optical activity with an optical 40 
axis being aligned in one in-plane direction 
parallel with the substrates; 

a first polarizer mounted on the outer side 
of said first retardation plate and having a 
polarizing axis in an in-plane direction parallel 35 
with the substrates, said in-plane direction be- 
ing Inclined by about 45 degrees relative to the 
optical axis of said first retardation plate; 

a second retardation plate mounted on the 
other side of said liquid crystal cell for provid- aq 
ing a phase difference of substantially a quar- 
ter wavelength (X/4), said first retardation plate 
having a negative optical activity with an op- 
tical axis being aligned in an in-plane direction 
parallel with the substrates, said in-plane dfrec- as 
tion being substantially parallel with the optical 
axis of said first retardation plate; and 

a second polarizer mounted on the outer 
side of said second retardation plate and hav- 
ing a polarizing axis in an in-plane direction 50 
parallel with the substrates, said in-plane direc- 
tion being substantially perpendicular to the 
polarizing axis of said first polarizer. 

2. A homeotropic liquid crystal display device ss 
according to claim 1. wherein said first retarda- 
tion plate is made of a polycarbonate film 
pulled in one in-plane direction, and said sec- 



ond retardation plats is made of a polymethyl 
methacryfate film pulled In one in-plane direc- 
tion. 

An optical compensation device for a liquid 
crystal display device comprising: 

a central structure having a pair of sub- 
strates and optical compensation means, said 
pair of substrates defining a space for contain* 
ing a liquid crystal, and said optical compensa- 
tion means having a negative optical an- 
isotropy with an optical axis being aligned in a 
direction vertical to the substrates; and 

phase shift means having a pair of uniaxial 
optical medium plates disposed on the outer 
sides of said central structure, one of said pair 
of plates having a positive optical activity with 
an optical axis being aligned in one in-plane 
direction, and the other of said pair of plates 
having a negative optical activity with an op- 
tical axis being aligned in an In-plane direction 
parallel with said one in-plane direction. 
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FIG. I 
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FIG. 2 A 
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FIG. 3 
( PRIOR ART) 
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FIG. 4 

( PRIOR ART ) 
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FIG. 5 

( PRIOR ART) 
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FIG. 6 
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FIG. 7 
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FIG. 9 
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